Abstract: Flow regulation is one of the most common anthropogenic factors affecting rivers worldwide. In Korea, 16 weirs were constructed along four major rivers from 2009 to 2012. This study aimed to elucidate initial changes in physical, chemical, and biological variables after the construction of consecutive weirs on the Nakdong River, a major large river system. Water quality variables and phytoplankton cell densities were investigated at eight representative sites and compared with the data recorded before the weir construction. There were spatial and temporal changes in the hydraulic retention time (HRT), total phosphorus (TP), and chlorophyll a concentrations among the eight weir sections. HRT increased after the weir construction, while TP and chlorophyll a tended to decrease from the middle to lower section of the Nakdong River. Furthermore, differences were observed in the phytoplankton community composition between 2006-2007 and 2013. There was a marginal decrease in the duration of centric diatom (Stephanodiscus hantzschii) blooms after weir construction. However, Microcystis aeruginosa proliferated more extensively during summer and autumn than it did before the weir construction. Our results suggest that changes in hydrological factors, in response to consecutive weir construction, may contribute to greater physical, chemical, and ecological variability.
Introduction
The ecological effects of hydrological changes, including the water level, river flow, water velocity, and hydraulic retention time (HRT), on aquatic ecosystems have often been studied. Hydrological changes alter the physical, chemical, and biological characteristics of a river [1] [2] [3] [4] [5] and cause habitat fragmentation within rivers, as well as changes in nutrient cycling and primary productivity [6] . Phytoplankton is a source of food and energy for organisms at higher trophic levels within an aquatic ecosystem [7, 8] , and phytoplankton composition usually changes with seasonal fluctuations in water temperature [9] . The phytoplankton species composition and biomass depend, in a complex manner, on various environmental factors, including the concentration of nutrients (nitrogen and phosphorus) derived from watersheds, light, water temperature, flow, turbidity, and HRT [10] [11] [12] [13] [14] [15] [16] . 
Physical and Chemical Variables and Phytoplankton Density
HRT was calculated using discharge rates and the volume provided by K-water (http://kwater.or.kr). BOD5 was measured by standard methods [23] , and CODMn was analyzed by estimating the consumption of potassium permanganate. Chl-a was analyzed using a spectrophotometer (Lambda 45; PerkinElmer, Waltham, MA, USA), for which the water samples were filtered through Whatman GF-F filters and extracted with 90% acetone for 24 h [23] . TN and TP contents were analyzed using an autoanalyzer (INTEGRAL Futura; Ams Alliance, Frépillon, France). The NO3 − -N content was analyzed using ion chromatography (850 Professional IC; Metrohm, Switzerland). Concentrations of NH4 + -N and PO4 3− -P were determined with an ion analyzer (Smartchem 140; Ams Alliance, Frépillon, France). Phytoplankton samples were identified 
HRT was calculated using discharge rates and the volume provided by K-water (http://kwater. or.kr). BOD 5 was measured by standard methods [23] , and COD Mn was analyzed by estimating the consumption of potassium permanganate. Chl-a was analyzed using a spectrophotometer (Lambda 45; PerkinElmer, Waltham, MA, USA), for which the water samples were filtered through Whatman GF-F filters and extracted with 90% acetone for 24 h [23] . TN and TP contents were analyzed using an autoanalyzer (INTEGRAL Futura; Ams Alliance, Frépillon, France). The NO 3 − -N content was analyzed using ion chromatography (850 Professional IC; Metrohm, Switzerland). Concentrations of NH 4 + -N and PO 4 3− -P were determined with an ion analyzer (Smartchem 140; Ams Alliance, Frépillon, France). Phytoplankton samples were identified to the genus or species level following John et al. [24] and Komárek and Anagnostidis [25, 26] . For quantitative analysis, 1 mL of a sample was added to and allowed to settle in a Sedgwick-Rafter counting chamber, followed by examination under an optical microscope (Imager M1; Carl Zeiss, Oberkochen, Germany) at a 200× to 400× magnification to calculate the cell density per milliliter.
Data Analysis
Environmental variables were analyzed by the paired t-test using the SPSS 12.0 software (SPSS Inc., Chicago, IL, USA) to determine significance of differences between values recorded before (monthly mean data from January to December 2006 and 2007) and after (January to December 2013) the weir construction. A p-value of <0.05 was considered significant in all comparisons. Redundancy analysis (RDA) ordination was performed using the CANOCO software version 5.0 [27] to elucidate the relationships between environmental variables and dominant phytoplankton species after the weir construction at representative sites between the Sangju and Changnyeong-Haman weirs.
Results

Atmospheric, Hydraulic, and Hydrological Conditions in the Weir Section
The mean monthly air temperatures in the Nakdong River weir section ranged from −1.5 to 27.8 • C, and the average annual air temperature was 13. The investigation of hydraulic and hydrological characteristics at the study sites during the study periods after the weir construction revealed that HRT in the Nakdong River was regulated by precipitation and the amount of outflow through regulation of weir gates. The HRT values in the Nakdong River increased 2-to 12-fold (Figure 3a) after the construction of the Hapcheon-Changnyeong and Chilgok weirs respectively, compared to the HRTs of before the weir construction in 2006 [28] . Furthermore, the cumulative HRT between St. 1, located upstream, and St. 8, located downstream, was 46.2 days after the weir construction, i.e., five times longer than that before the construction (Figure 3b ).
Nakdong River increased 2-to 12-fold (Figure 3a) after the construction of the Hapcheon-Changnyeong and Chilgok weirs respectively, compared to the HRTs of before the weir construction in 2006 [28] . Furthermore, the cumulative HRT between St. 1, located upstream, and St. 8, located downstream, was 46.2 days after the weir construction, i.e., five times longer than that before the construction (Figure 3b ). 
Variations in Physical and Chemical Parameters
During 2006-2007, before the construction of the eight weirs, the mean BOD5 concentrations ranged between 0.8 and 2.8 mg·L −1 at the study sites along the Nakdong River. The annual mean BOD5 concentration for the upstream stretch, from St. 1 to St. 4, was 1.0 mg·L −1 . In the middle to lower sections of the Nakdong River, which are represented by the stretch between St. 5 and St. 8, the annual mean BOD5 concentration was 2.6 mg·L −1 , indicating that organic pollution increased from the upstream to downstream areas. In 2013, after the weir construction, the annual mean BOD5 
During 2006-2007, before the construction of the eight weirs, the mean BOD 5 concentrations ranged between 0.8 and 2.8 mg·L −1 at the study sites along the Nakdong River. The annual mean BOD 5 concentration for the upstream stretch, from St. 1 to St. 4, was 1.0 mg·L −1 . In the middle to lower sections of the Nakdong River, which are represented by the stretch between St. 5 and St. 8, the annual mean BOD 5 concentration was 2.6 mg·L −1 , indicating that organic pollution increased from the upstream to downstream areas. In 2013, after the weir construction, the annual mean BOD 5 concentrations ranged from 1.9 to 2.5 mg·L −1 at the weir sites. In the upstream stretch, from St. 1 to St. 4, the average value was 2.3 mg·L −1 , which indicated that organic pollution levels increased after the weir construction (p < 0.05). By contrast, in the middle to lower parts of the river, from St. 5 to St. 8, the annual mean BOD 5 concentration was 2.4 mg·L −1 , which was lower than that before the construction, but there were no statistically significant differences (p > 0.05). These results showed that the organic pollution levels were different in each stretch of the Nakdong River after the weir construction ( Table 2 ).
The (Table 2 ). However, after the weir construction, the annual TP concentrations ranged between 0.044 and 0.075 mg·L −1 at the weir sites. The middle to lower sections of the Nakdong River, represented by the stretch between St. 4 and St. 8, exhibited a significant decrease in TP concentrations (p < 0.05) ( Table 2 ). The annual mean TN concentrations at the eight sites ranged between 2.457 and 4.045 mg·L −1 during 2006-2007. After the weir construction, the TN concentrations at the sites ranged from 2.506 to 3.699 mg·L −1 , showing spatial differences after the construction of the weirs.
The annual mean Chl-a concentrations at the study sites ranged from 7.7 to 58.7 mg·m −3 in 2006 and 2007, before the weir construction, and from 18.6 to 32.7 mg·m −3 in 2013, after the weir construction. In the upper stretch, including St. 1, St. 2, and St. 3, the concentration of Chl-a increased after the weir construction (p < 0.05); however, it decreased by approximately 50% in the downstream stretch, at St. 7 and St. 8 (p < 0.05), after the weir construction ( Table 2) .
The box plots of BOD 5 , TP, and Chl-a concentrations, shown in Figure 4 , present differences in the water quality variables at the eight study sites, detected by paired t-test analysis. Comparison of the data obtained before and after the weir construction showed significant increases in the mean BOD 5 (p < 0.001) and Chl-a concentrations (p < 0.05) in the upper stretch, St. 1, St. 2, and St. 3 (Figure 4a-c) . Considerable spatial and temporal differences were detected in the TP concentrations from St. 4 to St. 8. after the construction of the eight weirs (p < 0.05), (Figure 4d-h) . Lower Chl-a concentrations were also observed at the downstream weir sites, St. 7 and St. 8, in 2013 (p < 0.05). 
Variations in Phytoplankton Density
During 2006-2007, before the weir construction, diatoms dominated the study sites, including Goryeong and Namji in the middle and downstream sections of the Nakdong River, in winter and spring. Small numbers of green algae and cyanobacteria occasionally appeared during this period. The dominant species in the Nakdong River were the centric diatom Stephanodiscus hantzschii and the colonial cyanobacterium Microcystis aeruginosa from winter to the following spring and from summer to fall, respectively ( Figure 5 ).
In 2013, after the weir construction, the diatom S. hantzschii also dominated from fall to the following spring (November to April); however, the cyanobacterium M. aeruginosa proliferated to a greater extent during summer and fall (June to September). The phytoplankton cell densities ranged from 8.4 × 10 3 to 17.5 × 10 3 cells·mL −1 in the upstream stretch, between the Sangju and Chilgok weirs, and from 10.2 × 10 3 to 15.8 × 10 3 cells·mL −1 in the midstream stretch, from the Gangjeong-Goryeong to Hapcheon-Changnyeong weirs; the density was 19.6 × 10 3 cells·mL −1 at the downstream Changnyeong-Haman weir (Figure 6 ).
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Correlation Between Phytoplankton Species and Environmental Variables
The correlation between environmental variables and major phytoplankton species after the weir construction was determined by RDA (Figure 7) . The first two axes explained 57.0% of the total variance, showing a positive correlation between Microcystis and the water temperature, TP, CODMn, BOD5, and Chl-a, while Stephanodiscus negatively correlated with the water temperature, 
Correlation between Phytoplankton Species and Environmental Variables
The correlation between environmental variables and major phytoplankton species after the weir construction was determined by RDA ( Figure 7) . The first two axes explained 57.0% of the total variance, showing a positive correlation between Microcystis and the water temperature, TP, COD Mn , BOD 5 , and Chl-a, while Stephanodiscus negatively correlated with the water temperature, but was closely related to DO and TN. 
Discussion
In recent years, eight multifunctional weirs have been constructed along the Nakdong River section stretching for approximately 200 km to (1) ensure sufficient flow during the dry season for agricultural uses; (2) maintain environmental flow to the river stretch; and (3) enhance the water quality in the river. The physical environment, such as the water depth, flow rate, and velocity, has changed in the Nakdong River weir section [29] [30] [31] . The HRT values in the upper stretch (St. 1 to St. 4) ranged between 2.7 and 7.3 days, showing a 3-to 10-fold increase, while the HRT values in the lower part of the river (St. 5 to St. 8) ranged between 3.1 and 8.4 days, indicating a 2-to 6-fold increase compared with those before the weir construction, based on the flow travel time simulation [30] .
In the present study, the physical and chemical environments varied between the upstream and downstream stretches of the Nakdong River. The BOD5 concentrations increased at the upper three sites, from St. 1 to St. 3, while only marginal changes were observed in the downstream stretch, including St. 4, after the weir construction. The BOD5 concentration in the upper stretch was affected by changes in the phytoplankton cell density, based on the Chl-a concentrations before and after the weir construction. Wang et al. [32] found that the BOD5 concentration significantly positively correlates with the phytoplankton density during spring, summer, and autumn. In the present study, at three sites between the St. 1 and St. 3, the TP concentration exhibited marginal variations; however, the average Chl-a concentration increased approximately two-fold in 2013 compared with that before the weir construction. Wehr and Descy [33] reported that the levels of nutrients in rivers are often higher than algal requirements. Therefore, the phytoplankton cell density and production are often controlled by the discharge rate, which is related to the residence time, dilution rate, and other factors.
In the present study, in the stretch between St. 4 and St. 8, which corresponds to the middle and lower parts of the Nakdong River, the TP concentration decreased sharply, except at St. 5, compared with that before the weir construction. The Chl-a concentration also decreased compared with that 
In the present study, the physical and chemical environments varied between the upstream and downstream stretches of the Nakdong River. The BOD 5 concentrations increased at the upper three sites, from St. 1 to St. 3, while only marginal changes were observed in the downstream stretch, including St. 4, after the weir construction. The BOD 5 concentration in the upper stretch was affected by changes in the phytoplankton cell density, based on the Chl-a concentrations before and after the weir construction. Wang et al. [32] found that the BOD 5 concentration significantly positively correlates with the phytoplankton density during spring, summer, and autumn. In the present study, at three sites between the St. 1 and St. 3, the TP concentration exhibited marginal variations; however, the average Chl-a concentration increased approximately two-fold in 2013 compared with that before the weir construction. Wehr and Descy [33] reported that the levels of nutrients in rivers are often higher than algal requirements. Therefore, the phytoplankton cell density and production are often controlled by the discharge rate, which is related to the residence time, dilution rate, and other factors.
In the present study, in the stretch between St. 4 and St. 8, which corresponds to the middle and lower parts of the Nakdong River, the TP concentration decreased sharply, except at St. 5, compared with that before the weir construction. The Chl-a concentration also decreased compared with that before the weir construction. Based on the reduced nutrient and Chl-a concentrations, changes in the physical and chemical environments of the water in the middle and downstream stretches of the Nakdong River may be attributed to a higher dilution factor with the increase in the water depth and volume [30] . Furthermore, the loss of phytoplankton from sedimentation would also change because of a longer HRT, and the P input might be reduced by managing the wastewater treatment plant effluents, as well as industrial and municipal discharges, after the weir construction. [34] .
There was no significant change in the seasonal succession of dominant species before (2006-2007) and after the weir construction (2013). However, the cell density of Stephanodiscus hantzschii, which usually dominated from fall to the following spring, was 6.0 × 10 3 cells·mL −1 after the weir construction, showing a 20% decline compared with that before the weir construction According to previous studies, the diatom growth in spring mainly depends on the water temperature, nutrient availability (silica and P), light intensity, and carbon availability [35] [36] [37] . Diatom growth in spring may be primarily attributed to the high growth rate of S. hantzschii at low water temperatures and to its superior competitive ability over other diatoms during the period of low nutrient concentrations as small centric diatoms have a half-saturation growth constant of <10 µg· L −1 for P [34, 38] . Salmaso and Braioni [39] have also reported that a low flow rate is essential for the growth of planktonic algae, including small centric diatoms, in river systems, and low flow rates and water mixing during dry seasons can lead to downstream accumulation of diatom cells in large river systems. In the present study, the centric diatom cell density declined after the weir construction. This may be attributed to a complex combined effect of physical, chemical, and biological factors. Sedimentation can be one of the selective factors that suppresses the growth of centric diatoms and prevent their dominance in shallow river stretches [14] . Köhler [40] has suggested that centric diatoms would decline in lakes because the zooplankton density increase in spring, and there would be a shift toward growth of buoyant cyanobacteria. Moreover, the reduced flow with an increased HRT might have enhanced the grazing pressure on small centric diatoms in the main river system after the construction of the weirs. However, zooplankton density was not measured in the present study.
One of the most notable differences in the phytoplankton distribution between the periods before and after the weir construction was an increase in the frequency, intensity, and duration of cyanobacterial blooms.
Among cyanobacterial species, Microcystis aeruginosa, which is generally dominant during summer and fall, increased more than 10-fold, from an average of 0.5 × 10 3 cells· mL −1 before the weir construction to an average of 7.0 × 10 3 cells·mL −1 after the construction. Hilton et al. [41] have demonstrated that large, deep, and impounded rivers are usually characterized by long retention times, which are greater than algal doubling times. Therefore, a high biomass of phytoplankton can accumulate in the middle and lower stretches of a river. Furthermore, Reynolds [14] has suggested that the lower end of the range of retention times, covering the transition range, is likely to be between 4 and 6 days, which, based on the doubling time of common cyanobacteria, would correspond to 0.3 to 1.4 doublings per day. The HRT values in the eight weir sections ranged between 2 and 8 days during the bloom period of M. aeruginosa in 2013. Thus, both the high-water temperature (>20 • C) and retention time, as well as sufficient nutrients such as TP, might have led to the increased growth of cyanobacteria in the Nakdong River after the weir construction. These results were similar to the studies that the Microcystis growth was positively correlated with phosphorus concentration when it was lower than 0.445 mg L −1 [42] . These findings suggest that meteorological parameters, such as the temperature and precipitation, may affect the time of the occurrence of cyanobacterial blooms in the weir sections. Thus, appropriate regulation of water discharges in the weir stretches, based on the weather conditions, may directly affect the occurrence of blooms and the composition of phytoplankton in the weir system.
Conclusions
To the best of our knowledge, the present study is the first to demonstrate changes in limnological characteristics, including physical, chemical, and biological parameters, after consecutive construction of weirs in a large river system. The results revealed spatial variations in the TP and Chl-a concentrations among consecutive weir sections. The phytoplankton community composition also changed after the weir construction. The average cell density of Stephanodiscus hantzschii marginally decreased after the construction; however, proliferation of Microcystis aeruginosa was more intense during the summer and fall seasons, as compared with that before the weir construction. Therefore, appropriate regulation of the water discharge in weir stretches, based on environmental factors, can be implemented to reduce the occurrence of cyanobacterial blooms in the weir system.
